OBJECTIVE-Inducing human ␤-cell growth while enhancing function is a major goal in the treatment of diabetes. Parathyroid hormone-related protein (PTHrP) enhances rodent ␤-cell growth and function through the parathyroid hormone-1 receptor (PTH1R). Based on this, we hypothesized that PTH1R is expressed in human ␤-cells and that PTHrP has the potential to enhance human ␤-cell proliferation and/or function.
L
oss of functional pancreatic ␤-cells is the ultimate cause of both type 1 and type 2 diabetes. Therefore, finding ways to maintain or increase pancreatic ␤-cell growth and function is essential in the long-term treatment of this disease. Many studies over the last decades have shown that adult human ␤-cells retain the capacity to proliferate, in vivo (1) and in vitro (2, 3) , providing impetus to search for factors that can further enhance ␤-cell proliferation without negatively impacting their function.
Although several growth factors enhance rodent ␤-cell proliferation and function (4) , very few have been tested on adult human ␤-cells. In this regard, PTHrP, an autocrine/paracrine factor that is expressed in almost every tissue in the body, including the endocrine pancreas (5), has beneficial effects on both ␤-cell growth and function in rodents. PTHrP overexpression in the ␤-cell of transgenic mice leads to increased ␤-cell proliferation, ␤-cell hyperplasia with concomitant hyperinsulinemia and hypoglycemia, improved glucose tolerance, and enhanced GSIS (6 -8) .
PTHrP is directed into the secretory pathway through its signal peptide (SP) and can be targeted to the nucleus through its nuclear localization signal. It undergoes posttranslational processing to form amino terminus , mid-region (38-94), and COOH-terminal (107-171) fragments. PTHrP mutants that lack SP fail to be secreted. PTHrP signals through a seven-transmembrane G-protein coupled receptor, PTH1R, which recognizes the amino terminus PTHrP peptide (9) . PTH1R is expressed in rodent ␤-cells and also in rodent ␤-cell lines (8, 10, 11) . Several in vitro studies have shown that the amino-terminal PTHrP(1-36) peptide, through its receptor, is sufficient to enhance rodent ␤-cell proliferation as well as insulin expression and GSIS (8, 11, 12) . Thus, PTHrP enhances both replication and function in primary rodent ␤-cells.
PTHrP is also expressed in human islets and in almost 100% of human insulinomas (5, 13, 14) . However, whether PTH1R is expressed in human islets or in the human ␤-cell is not known. More importantly, it is unknown whether PTHrP can have beneficial effects on human ␤-cells. Based on extensive studies in rodent islets, we hypothesize that the PTHrP/PTH1R system has the potential to enhance proliferation and/or function in human islets. Examining the therapeutic potential for PTHrP in human islets is especially significant given that PTHrP(1-36) is well estab-lished as a skeletal anabolic agent for the treatment of osteoporosis (15, 16) , demonstrating the safety of this peptide as a future therapeutic agent.
PTH1R and PTHrP expression in human islets. PTHrP mRNA and protein are expressed in human islets and insulinomas (5, 13, 14) . However, whether the receptor for PTHrP, PTH1R, is expressed in human islets is unknown. We analyzed the expression of PTH1R mRNA by real-time PCR in human islets using HKC8, a human kidney cell line with high PTH1R expression, as a positive control and 293 cells that lack PTH1R expression as a negative control. PTH1R mRNA is clearly detectable in human islets (Fig.  1A) , as is PTH1R protein, measured by Western blot (Fig.  1B) . Importantly, PTH1R is expressed in human ␤-cells, demonstrated by costaining of human islet cell cultures for PTH1R and insulin (Fig. 1C) .
To overexpress PTHrP in human islets, an Ad construct containing hemagglutinin (HA)-tagged human PTHrP cDNA was transduced into islets. Ad-PTHrP-transduced human islets display increased PTHrP expression relative to uninfected and Ad-LacZ-transduced islets as demonstrated by Western blot using PTHrP antibody (Fig. 1D) . Furthermore, PTHrP overexpression did not result in downregulation of PTH1R expression in human islets (Fig.  1B) compared with uninfected or Ad-LacZ-transduced islets (Fig. 1B) . Since PTHrP is a secreted protein, we measured its concentration in medium from human islets transduced with Ad-PTHrP or Ad-LacZ. There was significant accumulation of PTHrP, ϳ600 pmol/l, in medium from Ad-PTHrP-infected islets versus Ad-LacZ-infected islets (4 pmol/l) (Fig. 1E) . Finally, PTHrP is expressed in ␤-cells of Ad-PTHrP-transduced human islet cell cultures demonstrated by coimmunostaining with HA and insulin antibodies (Fig. 1F) . PTHrP increases human ␤-cell proliferation without causing dedifferentiation. We examined the effect of PTHrP overexpression on human ␤-cell proliferation by costaining human islet cell cultures transduced with AdPTHrP or Ad-control with BrdU and insulin antibodies ( Fig. 2A ). There was a significant, approximately threefold, increase in human ␤-cell proliferation induced by PTHrP compared with Ad-control-transduced or uninfected human islet cell cultures (Fig. 2B) .
Based on studies in rodent ␤-cells, we evaluated whether secreted PTHrP is required for human ␤-cell proliferation by transducing human islets with Ad-⌬SP, a HA-tagged nonsecretory PTHrP mutant that lacks the SP. As expected, secreted PTHrP levels in the medium were much lower in Ad-⌬SP-(22 pmol/l) versus AdPTHrP-transduced (600 pmol/l) human islets (Fig. 1E) . However, PTHrP levels in islet extracts from Ad-⌬SP were at least comparable with Ad-PTHrP-transduced human islets (Fig. 1D) . Moreover, PTHrP was expressed in the ␤-cells of Ad-⌬SP-transduced human islet cultures as shown by HA and insulin costaining (Fig. 1F) . Despite abundant intracellular PTHrP, Ad-⌬SP did not stimulate proliferation of human ␤-cells relative to uninfected and Ad-control-infected islet cells (Fig. 2B) , demonstrating that secreted PTHrP is important for mediating human ␤-cell proliferation.
To determine which specific secretory form of PTHrP induces human ␤-cell proliferation, human islet cultures were treated for 24 h with 100 nmol/l of either aminoterminal PTHrP(1-36) or mid-region PTHrP(38-94) peptide. There was a significant twofold increase in human ␤-cell proliferation only with PTHrP(1-36) and not with PTHrP (38 -94) (Fig. 2B ). The concentration of PTHrP(1-36) remaining in the culture medium of Ad-transduced and peptide-treated human islet cell cultures was measured at the end of the experiments. Cells treated with vehicle or Ad-control had undetectable PTHrP(1-36), whereas AdPTHrP-transduced cells had 469.8 Ϯ 57.4 pg/ml (ϳ117.5 pmol/l) and PTHrP(1-36)-treated cells had 245.1 Ϯ 20.6 ng/ml (ϳ61.25 nmol/l) of PTHrP(1-36) in the culture media (n ϭ 4 -5 human islet cultures).
Since induction of proliferation of human ␤-cells can lead to their dedifferentiation (17), we examined mRNA transcripts encoding differentiation markers in human islets treated with vehicle or PTHrP(1-36). There was no change in transcripts encoding islet hormones (insulin, glucagon, and somatostatin), glucose sensors (Glut-2 and glucokinase), or transcription factors important for ␤-cell differentiation and function (Pdx1, MafA, MafB, Nkx6.1, Nkx2.2, NeuroD, and Isl1) with PTHrP(1-36) treatment (Fig. 2C) , suggesting that PTHrP does not cause dedifferentiation of human ␤-cells. We also examined the effect of PTHrP on insulin content in human islets. Either transduction with Ad-PTHrP or treatment with PTHrP(1-36) for 24 h did not affect the insulin content in islets (Fig. 2D) . PTHrP enhances GSIS in human islets. Whether PTHrP affects human ␤-cell function was evaluated by measuring insulin secretion from human islets transduced for 24 h with Ad-PTHrP or treated for 30 min with PTHrP(1-36) peptide. There was no change in basal insulin secretion at 5.5 mmol/l glucose, and there was a small (27%) but not significant increase in insulin secretion at 22 mmol/l glucose from Ad-PTHrP -versus Ad-control-transduced islets (Fig. 2E ), suggesting that Ad-PTHrP does not negatively impact human ␤-cell function. On the other hand, PTHrP(1-36) peptide caused a significant increase in insulin secretion at 5.5 mmol/l glucose (36%), with a further enhancement at 22 mmol/l glucose (67%) over control islets (Fig. 2F) . Thus, PTHrP(1-36) enhances insulin secretion in human islets at both physiological and pathophysiological glucose concentrations.
PTHrP increases expression of the late G1/S cell cycle activators cyclin E and cyclin-dependent kinase 2 in human islets at the posttranscriptional level. To begin to assess the molecular mechanisms of PTHrPinduced human ␤-cell proliferation, we measured expression of the G1/S cell cycle regulators. There was no significant change in the level of mRNA expression of any of the cyclins (cyclin D1-3, E1-2, and A1-2), cyclindependent kinases (cdks) (1,2,4,6), cyclin inhibitory proteins/kinase inhibitory proteins (CIP/KIP) (p21, p27, and p57) or the inhibitor of kinase (INK) (p16, p18, and p19) family of inhibitors examined with PTHrP(1-36) treatment (Fig. 3A) .
However, given that cell cycle molecules could be regulated posttranscriptionally, we examined the effect of PTHrP(1-36) on the expression of G1/S cell-cycle proteins by Western blot. There was no change in expression of the early G1/S cell-cycle activators cyclins D1/3 or cdk4/6 or in the INK and CIP/KIP inhibitors p16, p18, p21, p27, and p57 (Fig. 3B) . In contrast, the late G1/S cell cycle activator proteins cyclin E (Fig. 3B and C) and cdk2 ( Fig. 3B and D) were significantly increased, by twofold, in PTHrP-treated human islets. Overexpression of cyclin E and cdk2 enhances human ␤-cell proliferation. To ascertain whether expression of cyclin E and/or cdk2 per se can drive human ␤-cell proliferation, these proteins were overexpressed in human islets by transduction with Ad-cdk2/Ad-cyclin E, relative to uninfected and Ad-control-transduced islets (Fig. 4A) . Proliferation measured by flow cytometry (Fig. 4B ) revealed a significant 2.5-fold increase in the percentage of cells in the S-phase of the cell cycle in Ad-cdk2/Ad-cyclin E-transduced whole human islets compared with uninfected or Ad-control-transduced human islets (Fig. 4C) , demonstrating increased islet cell proliferation. To independently confirm these observations and to demonstrate whether human ␤-cell proliferation was induced by cyclin E and/or cdk2, staining for insulin, BrdU, and DAPI was performed on human islet cultures (Fig.  4D) . Expression of cdk2 alone did not increase human ␤-cell proliferation. However, expression of cyclin E alone caused a significant fivefold increase in human ␤-cell proliferation compared with control cells. Cyclin E and cdk2 together caused a substantive synergistic 16-fold increase in human ␤-cell proliferation over cells transduced with equivalent multiplicity of infection (MOI) of control virus and also a significant increase over cells transduced with Ad-cdk2 or Ad-cyclin E alone (Fig. 4E) . crease in insulin secretion at both physiological (5.5 mmol/l) and pathophysiological (22 mmol/l) glucose concentrations. 5) PTHrP(1-36) specifically increases expression of the late G1/S cell cycle activators cyclin E and cdk2 at the posttranscriptional level in human islets. 6) overexpression of cyclin E but not cdk2 significantly increases human ␤-cell replication. 7) More importantly, the combination of these two molecules has a substantive synergistic effect on human ␤-cell proliferation.
The current study, together with previous work (6 -8,10 -12), establishes PTHrP as a factor that enhances proliferation and function in primary ␤-cells from both rodent and human islets. Whereas in some instances activation of human ␤-cell replication may induce dedifferentiation (17) , in others-e.g., in this study and with overexpression of cdk6/cyclin D1 or constitutively active Akt (18, 19) -induction of human ␤-cell proliferation maintains or even augments ␤-cell function. Based on studies in rodent islets (12) , it is likely that PTHrP(1-36) may enhance insulin secretion in human islets through activation of the cAMP pathway.
PTHrP enhances proliferation in numerous cell types. This mitogenic activity is associated with changes in cyclin D1 transcription, activation of cyclin E/cdk2 kinase activity, or reduction of p57 or p27 inhibitors (20 -22) . In human ␤-cells, we found that PTHrP(1-36) is sufficient to induce proliferation, causing an increase in expression at the posttrancriptional level of two activators of the late phase of the G1/S cell-cycle check point, cdk2 and cyclin E. PTHrP regulates the stability of p27 in smooth-muscle cells, as well as the androgen receptor in prostate cancer cells, through the proteosomal degradation pathway (21, 23) . Cyclin E protein is also tightly regulated through proteasome-mediated degradation by the E3 ubiquitin ligases (24) . Whether PTHrP affects cyclin E stability through this pathway in human ␤-cells requires further investigation.
There is ample evidence that activators of the early phase of the cell cycle, cyclin Ds and cdk4/cdk6, regulate rodent ␤-cell proliferation and can induce human ␤-cell proliferation (18, 25) . However, whether activators of the late phase of the cell cycle, cyclin E and cdk2, are important for and can induce human ␤-cell proliferation is not known. Now, we demonstrate for the first time that cyclin E, both alone and together with cdk2, significantly enhances human ␤-cell proliferation, suggesting that cyclin E may be one of the limiting factors in proliferation of human ␤-cells.
Understanding the regulation of, and elucidating therapeutic mechanisms to enhance, human ␤-cell proliferation and function is critical for the long-term treatment of diabetes. This study shows that a small amino terminus peptide of PTHrP is capable of enhancing both proliferation and function in human ␤-cells in vitro. Further, it identifies two cell-cycle activators as likely downstream targets of PTHrP. Cyclin E and cdk2 together have pronounced effects on human ␤-cell proliferation and, therefore, have the potential to be harnessed to enhance human ␤-cell growth ex vivo. The promise for PTHrP(1-36) as a therapeutic agent for diabetes is especially attractive, given that this peptide has been shown to be both safe and effective for the treatment of osteoporosis (15, 16) and that PTHrP(1-36) in the 100 pmol/l range, a concentration that is likely transiently induced in humans treated with tolerable doses of PTHrP (1-36) (15,16) , is sufficient to enhance human ␤-cell proliferation in vitro. Future studies will determine whether this peptide can be used either ex vivo or in vivo to improve human islet growth and function.
